hexamethylphosphetane) is found to catalyze deoxygenative N-N bond-forming Cadogan heterocyclization of o-nitrobenzaldimines, o-nitroazobenzenes and related substrates in the presence of hydrosilane terminal reductant. The reaction provides a chemoselective catalytic synthesis of 2H-indazoles, 2H-benzotriazoles, and related fused heterocyclic systems with good functional group compatibility. On the basis of both stoichiometric and catalytic mechanistic experiments, the reaction is proposed to proceed via catalytic P III /P V =O cycling, where DFT modelling suggests a turnover limiting (3+1) cheletropic addition between the phosphetane catalyst and nitroarene substrate. Strain/distortion analysis of the (3+1) transition structure highlights the controlling role of frontier orbital effects underpinning the catalytic performance of the phosphetane.
Tricoordinate phosphorus reagents are versatile O-atom acceptors, 1 and the conversion P III →P V =O drives numerous valuable synthetic transformations. [2] [3] [4] Despite great utility, the inefficient generation of stoichiometric phosphine oxide waste inherent to these methods is regarded as a key limitation. In recent years, though, several new catalytic methods involving cycling through phosphine oxide intermediates have emerged, 5 both in redoxneutral 6,7 and redox-driven modes. 15 We questioned whether inherently Results of our studies into the scope of this catalytic transformation are collected in Table 2 . With respect to N-substitution, aliphatic substituents (Table 2A) are well tolerated including 1° (9), 2° (10), and 3° (11) moieties, and basic nitrogen functionality may be incorporated without incident (compare 12 and 13). Likewise, aromatic substrates of diverse substitution (Table 2B) The reaction is similarly amenable to non-benzaldimine substrates, permitting the synthesis of diverse heterocyclic structures through catalytic N-N bond formation (Table 2D, , syn) ), which persists in solution until the reaction is complete (see SI). From these data, we infer that 5 represents the catalytic resting state, with the initial deoxygenation of substrate 1 as the turnover limiting step.
17 Regrettably, direct kinetic observation of reaction steps following initial deoxygenation is therefore precluded; presumably, though, the nitroso derivative formed by deoxygenation of 1 is an obligate intermediate that proceeds on to observed product in a series of fast following steps.
18
Under stoichiometric pseudo-first order conditions with excess phosphine reagent, we find that consumption of substrate 1 is markedly faster with phosphetane 5 than nBu3P 8 (krel ≈ 8 , see SI Figure S2 ); phosphetane 5 is evidently superior to acyclic 8 for Cadogan cyclization. In an effort to understand the origin of this rate difference, we undertook DFT modelling studies (Figure 2) . Direct O-atom transfer from nitromethane to phosphetane 5' and trimethylphosphine 8' (via TS1 5' and TS1 8' , respectively) is found to be high in energy. Instead, a stepwise mechanism proceeding through pentacoordinate azadioxaphosphetanes I 5' and I 8' is found at lower energies. The rate-controlling transition structure along this pathway (i.e. 311++g(d,p) ). Relative electronic energies in kcal/mol with unscaled zero-point correction.
To understand further the superiority of the phosphetane with respect to deoxygenation, the (3+1) transition structures TS2 5' and TS2 8' were analyzed within the distortion/interaction model 21 ( Figure 3 ). Despite the presence of the small ring in 5', the destabilizing distortion energy (ΔEd ‡ ) within transition structures TS2
5'
and TS2 8' is nearly identical (39.2 vs. 38.8 kcal/mol, respectively), being driven to an overwhelming extent by pyramidalization of the nitro substrate, not by geometric reorganization about phosphorus. By consequence, the lower overall energy of TS2 5' arises from a significantly larger stabilizing interaction energy (ΔEi ‡ ) for phosphetane 5' (-17.5 kcal/mol) than Me3P 8' (-9.7 kcal/mol). The inference from this analysis is that the differential performance of the small-ring phosphetane and trimethylphosphineboth of which compositionally are simple trialkylphosphines -is driven primarily by electronic (orbital) as opposed to enthalpic (ring strain) effects. The difference in interaction energies for the (3+1) addition transition structures can be rationalized by frontier orbital inspection. Figure 4 depicts the Kohn-Sham HOMO and LUMO of each reactant distorted to the transition state structure. Whereas both phosphetane and trimethylphosphine exhibit HOMOs (nonbonding lone pair) of nearly identical energy (-6.95 eV), LUMO(5') resides ca. 0.8 eV lower in energy than LUMO(8'). In effect, the geometric constraint enforced by the 4-membered ring of the phosphetane 5' results in a marked lowering of the LUMO that preferentially permits synergistic interactions of HOMO(5') → LUMO(MeNO2) and HOMO(MeNO2) → LUMO(5') in a [π4s+ω2s] fashion. 22 We note that the low frontier orbital energy gap of phosphetanes has previously been invoked by Chesnut and Quin to rationalize nonmonotonic chemical shift anisotropy trends in phosphacycloalkanes. 23 Relatedly, Hudson 24 and Westheimer
25
have noted the extent to which ring constraint increases electrophilic character at phosphorus. The importance of orbital effects in reactions of strained ring systems has been noted by Hoz.
26
In summary, we have found that a readily accessible 27 phosphetane is a suitable catalyst for the Cadogan indazole synthesis.
The method provides a simple phosphacatalytic approach to a valuable N-N bond forming mode that has previously been accomplished via (super)stoichiometric reagent chemistry, 13,28 transition metal catalysis, 29 or alternative high energy azide substrates.
30 Whereas previous studies involving P III /P V =O redox cycling have focused primarily on ring strain arguments underpinning catalytic turnover of phosphine oxides by silane reductants, the results above suggest a dominant electronic component to the overall biphilic function of the phosphetane catalyst. Work continues in an effort to establish further the biphilic reactivity of phosphetanes as generalized platforms for catalytic reductive Oatom transfer.
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